Transition from tunneling leakage current to molecular tunneling in single-molecule junctions. by Liu,  Junyang et al.
Durham Research Online
Deposited in DRO:
21 February 2019
Version of attached ﬁle:
Accepted Version
Peer-review status of attached ﬁle:
Peer-reviewed
Citation for published item:
Liu, Junyang and Zhao, Xiaotao and Zheng, Jueting and Huang, Xiaoyan and Tang, Yongxiang and Wang, Fei
and Li, Ruihao and Pi, Jiuchan and Huang, Cancan and Wang, Lin and Yang, Yang and Shi, Jia and Mao,
Bing-Wei and Tian, Zhong-Qun and Bryce, Martin R. and Hong, Wenjing (2019) 'Transition from tunneling
leakage current to molecular tunneling in single-molecule junctions.', Chem., 5 (2). pp. 390-401.
Further information on publisher's website:
https://doi.org/10.1016/j.chempr.2018.11.002
Publisher's copyright statement:
c© 2019 This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
Additional information:
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
http://dro.dur.ac.uk
 
 
 
Article 
Transition from tunneling leakage current 
to molecular tunneling in single-molecule 
junctions 
 
Junyang Liu,1 Xiaotao Zhao,2 Jueting Zheng,1 Xiaoyan Huang,1 Yongxiang Tang1, Fei Wang,1 
Ruihao Li,1 Jiuchan Pi,1 Cancan Huang,3,4 Lin Wang,3,5 Yang Yang,1,*** Jia Shi,1 Bing-Wei Mao,1 
Zhong-Qun Tian,1 Martin R. Bryce,2,** Wenjing Hong,1,6* 
1State Key Laboratory of Physical Chemistry of Solid Surfaces, College of Chemistry and Chemical Engineering, iChEM, Pen-Tung Sah Institute of 
Micro-Nano Science and Technology, Xiamen University, Xiamen 361005, China. 
2Department of Chemistry, Durham University, Durham DH1 3LE, United Kingdom. 
3Department of Chemistry and Biochemistry, University of Bern, Bern 3012, Switzerland. 
4Present address: Department of Mechanical and Process Engineering, ETH Zurich, Zurich 8006, Switzerland.  
5Present address: School of Materials Science and Technology, China University of Geosciences, Beijing 100083, China. 
6Lead Contact 
*Correspondence: whong@xmu.edu.cn 
**Correspondence: m.r.bryce@durham.ac.uk 
***Correspondence: yangyang@xmu.edu.cn 
 
SUMMARY 
The tunneling leakage current will be a major quantum obstacle during 
miniaturization in the semiconductor industry down to the scale of several 
nanometers. At this scale, to promote charge transport and overcome the 
tunneling leakage current between the source and drain terminals, molecular 
electronic junctions offer opportunities by inserting molecules between these 
two electrodes. Employing a series of oligo(aryleneethynylene) (OAE) molecules, 
here we investigate the transition from tunneling leakage current to molecular 
tunneling in the single-molecule devices using mechanically controllable break 
junction (MCBJ) technique, and the transition distances of the OAE molecular 
junctions were determined and even down to 0.66 nm for OAE2 molecular 
junction, which demonstrates that the intrinsic charge transport properties of a 
single-molecule device can be outstripped from the tunneling leakage current. 
Consequently, molecular electronic devices show the potential to push the 
ultimate limit of miniaturization to the scale of several angstroms.  
 
Keywords: molecular electronics, break junction, tunneling leakage, molecular tunneling, 
single-molecule conductance 
 
INTRODUCTION 
Semiconductor industry is committed to scaling down the silicon-based state-of-art CMOS 
(complementary metal-oxide-semiconductor) transistors to sub-5 nm nodes in the near 
future.1-3 Moore’s Law, however, has not been the only priority in semiconductor industry 
because of some inevitable quantum obstacles which hinder the further miniaturization and 
integration, such as the tunneling leakage current and the thermal dissipation.4,5  Meanwhile, 
various “More-than-Moore” and “Beyond CMOS” strategies have been considered. Among 
them, molecular electronics provides an alternative opportunity to use molecules as primary 
elements for building single-molecule electronic components in electronic circuitry,6-12 
where the molecule possess the intrinsic charge transport properties to overcome the 
tunneling leakage between the same scale of nanogap distance. Hence, molecular 
electronics offers a chance to fabricate two-terminal functional molecular devices for new 
designs of key switching elements in electronic circuits,13-16 such as the functions of signal 
processing and data storage. Nevertheless, during the shrinking of the nanogap between 
two-terminal devices, tunneling leakage current are dominated by the through-space 
tunneling between the source and drain terminals, which increases exponentially with the 
terminal distance and become non-negligible, as described in Figure 1A.17,18 Therefore, the 
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determination of transition distance between the intrinsic molecular tunneling and the 
tunneling leakage current through single-molecule devices is of fundamental significance, 
and will enhance the understanding of the technical limitations and boundaries for using 
single-molecule components as electronic devices. 
To explore the critical transition distance, molecular ruler which represents a family of 
molecules with a different number of repeating units, offers the chance to investigate charge 
transport through single-molecule devices at varying distances between the source and drain 
terminals. By employing molecule ruler, previous studies had revealed that the mechanism 
of charge transport through single-molecule devices evolved from tunneling to hopping,19-21 
which can be considered as the upper size limit of tunneling based molecular electronics. 
Additionally, recent studies exploring conformational effects in single-molecule junctions 
demonstrated that there is also a significant dependence of conductance on distance, 
because the molecular conformations vary as the nanogap size changes.22-25 Thus the entire 
junction configurations are mechanically controlled using break junction techniques, which 
offers further fine tuning in charge transport through the extended molecular rulers. With 
the ability to accurately tune nanogap distance between the two-terminal devices, break 
junction techniques facilitate the extraction of intrinsic molecular tunneling properties from 
tunneling leakage current.  
In this paper, we investigate the dominant size ranges of through-space tunneling and 
molecular tunneling through single-molecule junctions (Figure 1A) using mechanically 
controllable break junction (MCBJ) technique (Figure 1B).26-30 A family of 
oligo(aryleneethynylene) (OAE) derivatives with a different number of repeating units 
(Figure 1C)21 are used as molecular rulers to investigate the transition from through-space 
tunneling to molecular tunneling. The OAEs with repeating units of phenylethynyl are highly 
conjugated, rigid molecular systems which have been widely studied as benchmark 
molecular wires for single-molecule electronics.27,30,31 For longer OAEs such as OAE4 and 
OAE5, the alkoxy side chains are used to enhance their solubilities in the solvent for single-
molecule conductance investigation, which shows no significant variation in the charge 
transport through OAE backbones.21,32,33 The closing process from break junction 
experiment is extracted to provide the precise determination of the electrode-electrode 
distance for the conductance-nanogap size correlation. By screening this series of OAE 
molecules, a correlation of the characterized conductance of the molecules with different 
lengths and configurations is investigated, and the transition between through-space 
tunneling and molecular tunneling is quantitatively determined. 
 
RESULTS AND DISCUSSION  
 
Conductance-distance measurement of single-molecule OAE2 junctions.  
Typical conductance-distance curves of the OAE2 molecule from MCBJ experiments in 
solution24,34,35 are shown in Figure 2A (See Figure 1B and section EXPERIMENTAL 
PRECEDURES for details). Both opening and closing curves36-38 display clear plateaus at 
around 10-3 G0 (where G0 is the conductance quantum which equals 2e2/h). A sudden 
conductance drop to the molecular plateau followed by discrete G0 steps was observed in the 
opening process (blue curves in Figure 2A), which suggests the pulling of a gold atomic 
contact and formation of an initial nanogap from the inevitable snap-back after final rupture 
of gold-gold atomic chain.24,39-41 However, the closing curves exhibit longer plateaus than the 
opening ones, along with a conductance jump from 10-1 G0 to tens of G0 when electrodes 
approaching back (green curves in Figure 2A). This may suggest a “jump-to-contact” process 
in the distance scale less than one gold atom,42-44 where the strong electrical field inside the 
nanogap induced a rapid joining of the gold terminals. 
For quantitative comparison, conductance histograms of both opening and closing processes 
were established from 2000 continuous cycles without data selection, as shown in Figure 2B. 
Compared to the histogram from the opening process, the discrete G0 steps disappear in the 
closing process, indicating the absence of the formation of a gold atomic chain. In both 
histograms, the conductance peaks dissipate at around 10-4.8 G0. Same as our previous 
work,24 this feature of single-conductance state originated from the configuration with 
stretched and rigid OAEs backbone and the face-to-face gold electrodes with single-atom 
atop. While on the other hand, it is noticeable that there is a minor, yet significant, peak shift 
(10-3.6 G0 for opening and 10-3.2 G0 for closing curves). Moreover, the conductance peak in the 
closing process also exhibited higher intensity on the higher conductance side. These 
 
 
 
findings suggest significantly different evolutions of molecular junctions in the 
opening/closing process of the two terminals. 
To investigate the evolution of molecule tunneling versus distance, the master curves24 of 
both opening and closing processes were extracted from their corresponding 2D 
histograms,45 as superimposed as black curves on the 2D conductance-distance histograms 
in Figure 2C and 2D. To describe the statistical behaviour for the conductance-distance trace, 
master curve helps to find the most probable conductance value for every relative distance. 
Compared to that of the opening process, there is a more extended molecular conductance 
cloud in the conductance-distance histogram of the closing process. Besides, a more tilted 
conductance feature appears at around 10-1.5 G0, which can be attributed to the contribution 
of the through-space tunneling.17,18 The relative distance distribution determined from the 
conductance range from 10-0.3 G0 to 10-4.8 G0 indicates a 0.5 nm difference in length between 
the opening curves (peak position at 0.5 nm, inset in Figure 2C) and the closing curves (peak 
position at 1.0 nm, inset in Figure 2D). This difference suggests the snap-back distance, which 
is close to previous reports.39,40,46 It should be noticed that the distance determined from the 
closing process is relatively smaller than the length of the OAE2 molecule.21,24 This suggests 
that at the end of the opening process, the molecular junction will break and snap back into 
adsorption on a more energetically favorable metal tip.6 While at the start of the consequent 
closing process, the attached molecule will form contact with the opposite electrode to form 
an extended molecular junction.  
Measurement of nanogap size via through-space tunneling.  
Because of the inevitable snap-back in opening process, the extraction of the absolute 
distance between two electrodes remains a challenge. Therefore, the key information to 
determine molecular configurations will be masked. The closing process, alternatively, 
provides characterization of the through-space tunneling regime, offers a unique 
opportunity to determine the absolute distance between the two gold terminals via the 
through-space tunneling regime. Since there is still a jump-to-contact behaviour of gold 
atoms which occurs at 10-1 G0 during the closing process,42,43 we fitted the through-space 
tunneling regime of the master curve in Figure 2D in the range of 10-1 to 10-3 G0. The fitting 
of the slope provided a tunneling decay constant T value of about 10 nm-1 (for more details 
see Supplemental Information 4 and Figure S6). Although from the pure solvent calibration 
under the same conditions of molecular conductance measurement, we obtained a T of 
about 12 nm-1 (compared with a previous result of log[G/G0]/z = 5.5 nm-1,34 for more details 
see Supplemental Information 2 and Figure S2). This difference of T originates from the 
surface energy and barrier height differences between clean gold and molecule assembled 
gold surfaces.47 The intercept was determined to be ~0.18 nm when extending the fitting 
curve, owing to the occurrence of the jump-to-contact process at 10-0.78 G0 (Supplemental 
Information 4 and Figure S6). This distance is quite close to the size of a single gold atom, 
suggesting a rapid joining of the gold terminals in the presence of a strong electrical field in 
the scale of atomic length.48 Since the intercept represents an absolute distance between the 
two gold terminals, the master curves of the closing process can be calibrated, as shown in 
the green curve in Figure 2E. Thus, the bottom z-axis is a representation of the absolute 
distance (size of the nanogap) between the two gold terminals, which is calibrated to a zero 
original point along with the through-space tunneling fitting labeled by a black dash line 
(Supplemental Information 4). 
Subsequently, the master curve of the opening process (blue curve) was aligned together 
with that of the closing process (green curve) at the point where molecular junction began to 
rupture (Figure 2E). Obviously, the master curve of the closing process exhibits two 
significantly different regimes. The conductance evolution exhibits the through-space 
tunneling, which is shown with light grey background in Figure 2E, with a slope fitted to be -
4.393 (log(G/G0) nm-1). Moreover, the conductance plateau with white background shows the 
molecular tunneling regime, which evolves a completely different behavior than the 
through-space tunneling regime according to the electrode distance. Since the adopted 
molecular system has a relatively rigid delocalized -conjugated backbone, the conductance 
will strongly correlate to the adsorption angle (see Figure S8 in Supplemental Information) 
between the conjugated backbone and the electrode surface, resulting from the coupling 
and interaction between the lateral -conjugated orbital with the gold electrode.23,25,49-51 
Quek et al. suggested the transmission peak of a 4,4’-bipyridine junction increase with 
cos(),23 and other reports suggest a cos4() correlation.49-51 In order to accurately describe 
the correlation, we use the equation log(G/G0) = log(A*cosn()+B) for the non-linear fitting, 
 
 
 
where A, B, n are the constants, and can be calculated by arcsin(z/dm), for which dm is the 
molecular length (see Figure S8 in Supplemental Information). Then, the non-linear fitting to 
correlate molecular conductance of OAE2 and the absolute electrode distance can be 
obtained (see Supplemental Information 4 and Figure S9 for more details). Therefore, for 
OAE2, A, B and n are equal to 2.1×10-3, 3.3288×10-4 and 4.3304, respectively, as plotted in the 
Figure 2F, where the top z-axis represents the calculated junction angle . 
These findings suggest that two different tunneling-dominated conductance regimes are 
present during the closing process. Consequently, the through-space tunneling regime and 
the non-linear evolution of molecular tunneling regime will cross at the transition distance dt 
of 0.66 nm (Supplemental Information 4 and Figure S9). This can be identified as the 
transition between through-space tunneling and molecular tunneling. As indicated by the 
black dash line of through-space tunneling in Figure 2F, for OAE2 junctions, the molecular 
tunneling conductance prominently outstrips the tunneling leakage current and dominates 
the charge transport in the range from 0.66 nm to 1.20 nm, demonstrating the potential for 
future miniaturization and integration using a molecule as the functional unit in an electronic 
device. 
Since the Au-N bond (0.8 nN) is weaker than the Au-Au bond (1.4 nN),52 no significant 
deformation of the electrodes during the stretching process is expected for OAE2 molecules. 
Thus, the master curve from the opening process, and the simulated junction evolution from 
DFT (Density Functional Theory) calculations,24 could be aligned with the closing master 
curve using the last data point before the rupture of the molecular junction. Both opening 
and closing curves represent a similar trend to a previous study on the manipulation of 
atomic gold chains at low temperature,39 which indicated the presence of gold atomic chains 
at room temperature, benefiting from the mechanical stability of the MCBJ process. Besides, 
the lengths of the closing curves are longer than the opening ones, suggesting that the 
closing process may offer some additional opportunity to probe missing configurations 
masked by the snap-back effect in the opening process. Furthermore, comparing the closing 
curve with previous DFT simulation work in ref. 24 labeled by orange dots in Figure 2E, the 
through-space tunneling regime from the closing process agrees with that of the simulation 
throughout the distance range from 0.18 nm to 0.66 nm. Starting from 0.66 nm until the 
rupture of the molecular junction, the calculations reveal that the conductance variations on 
the molecular conductance plateau come from the evolution of molecular configurations as 
the nanogap is extended.24 
The transition from through-space tunneling to molecular tunneling.  
Furthermore, by the same process, we explore the transition from through-space tunneling 
to molecular tunneling for the extended OAE series. Figures 3A to 3C show the original 2D 
conductance-distance histograms of the closing process with their corresponding master 
curves superimposed for OAE3, OAE4, OAE5, respectively (See Supplemental Information 3 
and Figures S3 to S5 for the original 2D histograms and the analyses of opening and closing 
processes of OAE3 to OAE5). Moreover, the relative displacement distributions of all the 
OAE series extracted from both opening and closing processes are shown in Figure 3D. The 
distinct difference in plateau length between both processes unambiguously indicates the 
snap-back effect. Starting from the intercept of the fitting of the through-space tunneling 
regime, the lengths of the closing processes of molecules OAE2, OAE3, OAE4 and OAE5 are 
determined to be 1.2, 1.9, 2.5 and 3.3 nm, respectively, when adding the calibrated distance 
(0.18 nm) to their statistical lengths of the closing process in Figure 3D. These data indicate 
that the most probable closing distances are consistent with the corresponding molecular 
lengths. Table 1 summarizes the key results of the OAE series, along with Figure 3E. It is seen 
that the length distribution of the closing process falls precisely into the diagonal line to fit 
the corresponding molecular length. 
From all master curves of the closing process of the OAE series, the molecular conductance 
plateau is witnessed at the early stage, then all the curves approach into the through-space 
tunneling regime with almost the same slope. The abrupt jump-to-contact process, however, 
does not always exist in all the OAE molecules, which might result from the stabilization of 
the configuration of the gold adatoms by assembling of the surface molecule.53 The same 
calibration method used for OAE2 was applied to the other three OAE molecules, by adding 
the intercept and fitting those three master curves, as shown in Supplemental Information 5 
and Figure S10. Figure 4A shows the superimposed master curves of the closing processes 
extracted from 2D conductance-distance histograms of all the OAE molecules. Control 
experiments varying stretching rates and bias voltages demonstrated that the transition still 
 
 
 
existed, suggesting the transition is intrinsic in the charge transport through single molecules 
(for more details see Supplemental Information 6&7 and Figure S12&S13).  We chose the 
OAE series extended to OAE5, then all the adopted OAEs are considered to be dominated 
by super-exchange tunneling21 (for more details see Supplemental Information 8 and Figures 
S14 and S15). For better comparison, their conductance histograms from closing processes 
are shown at the right panel of Figure 4A. It is noteworthy that there are small conductance 
differences comparing them with those from the opening processes. For OAE2 to OAE4, the 
conductance derived from closing was consistently higher than that from opening. 
Specifically, for OAE2 the peak shifts from 10-3.6 G0 to 10-3.2 G0, for OAE3 from 10-4.6 G0 to 10-
4.3 G0, and for OAE4 from 10-5.8 G0 to 10-5.3 G0 (Supplemental Information Figures S3 to S5). 
Considering the conductance peaks are composed of all the possible molecular 
configurations during the opening/closing processes, these differences suggest that, due to 
the snap-back effect, some configurations are unable to be determined in the break junction 
experiments where only the opening process was taken into consideration. Especially for 
OAE2, as shown in Figure 2E, the initial stage of molecular tunneling plateau located in the 
shadowed area, suggested that the molecular configurations with relatively small nanogap24 
are missing during the opening process (please see supplemental information 4 and Figure 
S7 for the junction evolution through the opening and closing processes). In the case of 
longer molecules, such as OAE5, because all the missing configurations behaved as through-
space tunneling, no significant peak shift can be observed between the opening and closing 
histograms and both conductance values are the same (10-7.0 G0).  
Hence, all the master curves in the through-space tunneling regime are closely overlapped, 
as labeled by the black dashed line in Figure 4A, suggesting that the adsorption of 
homologue molecules does not significantly influence the tunneling barrier height. Hence, 
the overall closing process of all the studied OAE molecules can be calculated by summing 
the total conductance of the through-space tunneling Gt and molecular tunneling Gm, for 
log(G/G0) = log((Gt+Gm)/G0) = log(10-4.393z+A*cosn(arcsin(z/dm)+B) (Supplemental 
Information 4&5 and Figures S9 and S10). Therefore, the plotted orange curves for all the 
closing processes of OAE molecules are shown in Figure 4A, which fits their corresponding 
master curves of the closing processes. 
The transition distance dt from through-space tunneling to molecular tunneling was found to 
be increased with molecules having larger repeating units. For OAE3, OAE4 and OAE5, the 
distances dt therein were 0.91 nm, 1.2 nm and 1.5 nm, respectively, as summarized in Figure 
4B and Table 1 (for more details see Supplemental Information 5 and Figures S10&S11). This 
length-dependent transition originates from the competition between the exponentially 
decreased through-space tunneling and the nonlinearly but more mildly decreased 
molecular tunneling in these homologous serial molecules. Figure 4B further indicates a 
guide-line through those 4 dots to act as a boundary where the white area above the line 
suggests molecular tunneling dominated transport, while the grey area below the line 
suggests through-space tunneling dominated transport. The transition from through-space 
tunneling to molecular tunneling is a crucial issue for future single-molecule devices. Within 
the through-space tunneling dominated regime, the measured properties of the device 
appeared solely as a tunneling diode, and the contribution from molecular behaviour could 
hardly be extracted (for more details see Supplemental Information 9 and Figure S16). In 
addition, the transition distance dt varies from molecule to molecule, e.g., 0.66 nm for OAE2 
and 1.5 nm for OAE5. As summarized in Table 1, we found that the transition distance of 
OAE2 is larger than zOpen, while smaller for longer molecules of OAE3, 4, 5. For short 
molecule which the snap-back distance is considerable as the molecular length, some 
configurations of the initial period of molecular tunneling are missing because of the fast 
snap-back effect of electrodes pair during the opening process, as a consequence, the 
transition point located in the shadowed area of Figure 2E. While for longer molecules with 
molecular length are significantly longer than snap-back distance, the snap-back effect 
would not affect the acquisition of the initial configurations of molecular tunneling during 
the opening process. When the electrodes pair were further pulled open, the through-space 
tunneling still outstripped the molecular tunneling conductance that the overall logarithmic 
conductance evolution show linear behavior in logarithmic scale before the transition. 
These findings suggest that in future single-molecule electronics, to use the intrinsic 
properties of the target molecules, nanogaps within two terminals must reach a certain 
range of size according to the target molecules to outstrip the tunneling leakage current. The 
effective nanogap distance range where the single-molecule devices properly function for 
 
 
 
each OAE molecule is 0.66~1.2 nm for OAE2, 0.91~1.9 nm for OAE3, 1.2~2.5 nm for OAE4 
and 1.5~3.3 nm for OAE5, respectively. The transition distance from molecular tunneling to 
tunneling leakage varied from the structure of the molecules employed in the junctions (see 
supplemental information 10 and Figure S17 for another two examples). Indeed, in some 
extreme cases, the molecular conductance cannot be accurately determined if the 
conductance of fully-elongated molecular junction is still lower than the tunneling leakage 
current conductance.18,29 Recently, quantum interference effects in single-molecule 
junctions can significantly change the charge transport properties through minor chemical 
structural and environmental variations within almost the same molecular length.8,29,54,55 The 
conductance enhancement through constructive quantum interference inside the nanogap 
offers a potential to significantly surpass the tunneling leakage current and push the limit to 
an even smaller length scale.56 
Conclusion  
To conclude, the transition distance from molecular tunneling to tunneling leakage current 
within a series of conjugated OAE molecules from 1.2 nm to 3.3 nm has been investigated 
using MCBJ techniques. We reveal that the through-space tunneling and molecular tunneling 
dominate the charge transport of a molecular junction within different nanogap sizes, and it 
can be as small as 0.66 nm before the tunneling leakage current dominates the charge 
transport for the most conductive OAE2 molecules. Meanwhile, the charge transport 
dominated by molecular tunneling also exhibits a different dependence on nanogap size for 
molecules with different lengths, resulting from the tuning of molecule-electrode 
interactions by changing the tilt angle of molecular junction.  
Furthermore, the semiconductor industry has proposed the tunneling Field Effect Transistor 
(FET) blueprint for a future sub-2 nm node using quantum-mechanical band-to-band 
tunneling by ultrathin semiconducting films or nanowires.3,57 As the line-width will be very 
close to the radius of a single germanium atom, which is one of the largest elements adopted 
in semiconductor industry, it suggests the atomic limit for the miniaturization. While using 
the “bottom-up” strategy and the tunneling mechanism, molecular electronics offers a 
probability to bridge the gap of the “top-down” shrinking limit, which demonstrates that the 
leakage current will dominate until even below 0.66 nm in OAE2 molecule. These 
conclusions suggest that conjugated molecules are highly promising materials for future 
miniaturization of electronic devices. 
 
EXPERIMENTAL PROCEDURES 
 
MCBJ experiments. 
For MCBJ experiments, nanogaps were fabricated between a notched, suspended gold wire 
(0.1 mm diameter, 99.99%, Jiaming, Beijing) fixed onto a spring steel sheet (10 mm×30 mm, 
thickness 0.25 mm) by a two-component epoxy glue (Stycast 2850 FT with catalyst 9). A Kel-
F liquid cell assisted by a perfluoroelastomer O-ring was mounted onto the sheet. During the 
measurements, the sample sheet is bent with a pushing rod, which is driven by a combination 
of a stepping motor (Zaber NA14B16 linear actuator) and a piezo stack (Thorlab 
AE0505D18F). The setup is shown in Supplemental Information Figure S1. By applying a DC 
voltage of 100 mV, the current passing through electrode pairs was measured by a lab-built 
I-V converter with a sensitivity of ~10 fA. The single-molecule conductance measurements 
were carried at room temperature in solution containing 0.1 mM of target molecule in a 
mixture of tetrahydrofuran (THF, Aldrich, p.a.) and 1,3,5-trimethylbenzene (TMB, Aldrich, 
p.a.), 1:4 (v/v). Further technical details of the MCBJ experiments are given in our previous 
report.24,34 
Data analysis.  
Data analyses were conducted by a lab-developed program (WA-BJ code). The program 
enables the separate analysis of the opening or the closing process for break junction 
experiments. The construction of 1D histograms and 2D conductance-distance histograms, 
and the extraction of master curves were thoroughly reported by Hong et al.24 The fittings of 
master curves were conducted by Matlab. 
Data availability.  
The Supplemental Information gives the description of the experimental setup of the MCBJ 
technique, calibration of the stretching rate and calculation of the snap-back distance by 
pure solvent, the original conductance measurement results of OAE3, OAE4 and OAE5, the 
molecular junction angle geometry and the fitting for the master curve from the closing 
 
 
 
process of OAE2, the conductance-distance evolution for OAE2, 3, 4 and 5, the evaluation of 
bias voltage and stretching rate, the super-exchange and hopping contribution calculation 
for OAE series, and the calculation of the through-molecule tunneling contributions in the 
OAE series. The data that support the findings of this study are available from the 
corresponding author upon reasonable request. 
 
SUPPLEMENTAL INFORMATION 
Supplemental Information includes 10 sections with 17 figures and can be found with this 
article online at http:// 
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FIGURE AND SCHEME TITLES AND LEGENDS 
 
Figure 1. Schematic, technique and molecules used in this work. (A) The competition between 
the molecular conductance (molecular tunneling) and the tunneling leakage current (through-
space tunneling) through the two-terminal system during charge transport in a single-molecular 
junction. (B) The MCBJ method with gold electrodes immersed in a solution of targeted 
molecules. (C) The oligo(aryleneethynylene) (OAE) series of molecules adopted in this study. 
The numbers 2-5 refer to the number of ethynylphenylene units in OAE molecules, and OAE2 is 
used for example in (A) and (B). 
 
Figure 2. Conductance measurements, mater curve extracting and fitting of OAE2 molecule. (A) 
Typical conductance-distance curves of OAE2 recorded during the opening (blue) and closing 
(green) processes. (B) 1D conductance histograms constructed from the opening and closing 
processes. 2D conductance-distance histograms with master curves of the (C) opening and (D) 
closing processes. Lower left insets: the distance distribution determined from 10-1.0 G0 to 10-4.8 
G0. (E) Superimposition of the opening (blue) and closing (green) master curves with the 
simulated dots (orange). The opening and simulated curves are aligned to the conductance 
drop after the molecular plateau. The black dash line labels the fitting of the through-space 
tunneling. The simulated data are from our previous report, reprinted with permission from ref. 
24 Copyright 2012 American Chemical Society. (F) Non-linear fitting (orange curve) of the 
through-molecule tunneling regime of the master curve in closing process, top-z axis shows the 
corresponded estimated tilt angle of molecular junction, the part of molecular junction break 
into background are omitted. 
 
Figure 3. Conductance measurements and relative displacement distributions of the OAE series. 
The 2D conductance-distance histograms of the closing process with master curves extracted 
for (A) OAE3, (B) OAE4, (C) OAE5. (D) The relative displacement distributions of OAE series in 
opening and closing processes. The conductance ranges to determine the distances were from 
10-1.0 to 10-4.8 G0, 10-1.0 to 10-6.0 G0, 10-1.0 to 10-6.8 G0 and 10-1.0 to 10-8.0 G0 for OAE2, 3, 4 and 5, 
respectively. (E) The distance distributions in each process versus molecular length, which is 
plotted against the number of aryl rings in the OAE series (For the molecular length values, see 
Table 1). The orange dash line represents the equality between molecular lengths of OAE series 
and calibrated distance of closing process. 
 
Figure 4. The transition between the through-space tunneling and molecular tunneling. (A) Left 
plot: the master curves of the OAE series are superimposed for comparison. The direct tunneling 
regime as tunneling background is fitted through the black dash line, the molecular tunneling 
 
 
 
regime was fitted by non-linear fitting through the orange solid line. Right plot: the 1D 
conductance histograms constructed from 1000 curves for each molecule, where all the peak 
heights are normalized. (B) The transition distance describes the transition from molecular 
tunneling to through-space tunneling process for each OAE molecules, which is plotted against 
the molecular lengths of the OAE series. (For the transition distance values, see Table 1). 
 
TABLES AND TABLE TITLES AND LEGENDS 
 
Table 1. The measured charge transport results and the calculated transition distance of OAE 
series. The measured conductance and length of different processes for OAE series, compared 
with molecular length by calibration. The calculation of the transition distance from through-space 
tunneling regime to molecular tunneling regime, and the calculated tilted angle of the molecular 
junction at the transition distance. 
Molecule 
Conductance 
/ log(G/G0) 
Molecular 
Length 
/ nm 
zOpen 
/ nm 
zClose, 
dm / nm 
Transition 
Distance
, dt / nm 
Tilted 
Angle,  
/ degree Open Close 
OAE2 -3.6 ± 0.3 -3.2 ± 0.3 1.1 0.5 ± 0.2 1.2 ± 0.2 0.66 35.1 
OAE3 -4.6 ± 0.3 -4.3 ± 0.4 1.8 1.3 ± 0.3 1.9 ± 0.3 0.91 31.4 
OAE4 -5.8 ± 0.3 -5.3 ± 0.4 2.5 1.9 ± 0.3 2.5 ± 0.3 1.2 28.7 
OAE5 -7.0 ± 0.3 -7.0 ± 0.5 3.2 2.7 ± 0.4 3.3 ± 0.4 1.5 27.0 
The conductance histograms of OAE3, OAE4 and OAE5 for the opening processes are shown in 
Supplemental Information Figures S3 to S5. The calibration in pure solvent and the absolute 
distance and the calculation of the transition distance are discussed in Supplemental 
Information 2, 4 and 5, respectively. Error bars are determined from the standard deviation in 
Gaussian fitting of conductance and length distribution. 
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1. The experimental setup of the MCBJ technique 
 
 
Figure S1. Schematic of (a) MCBJ setup and (b) the zoom-in image of the chip position. 
 2. Calibration of the stretching rate and calculation of the snap-back distance in pure solvent of 
THF/TMB. 
 
 
Figure S2. (a) 1D conductance histogram of the opening process in pure solvent (1:4 v/v 
THF:TMB). (b) 2D conductance-distance histogram of pure solvent. Characteristic length 
distribution (c) from 10
-4.0 
G0 to 10
-6.0 
G0 and (d) from 10
-0.3 
G0 to 10
-6.0 
G0 in a blank experiment. (e) 
1D conductance histogram of the closing process in pure solvent. (f) 2D conductance-distance 
histogram of pure solvent with the extracted master curve. 
 We used the same method described elsewhere previously to calibrate the stretching rate of the 
electrode pair in pure solvent.
1,2
 Without the target molecule, the 1D conductance histogram and 
2D conductance-distance histogram in Figure S2(a) and S2(b) show direct tunneling and clear 
non-plateau features, suggesting a pure and clean environment inside the gap. In order to 
calculate the snap-back distance, firstly we needed to calibrate the stretching rate of the pulled 
electrodes pair. 
Since the tunneling equation can be written as follows, 
(1)   𝐺 = 𝐺0𝑒
−𝛽𝑇∆𝑧   
Where T is the tunneling decay constant in the solution environment, z is the absolute distance, 
herein z = z-zcorr, where zcorr is the snap-back distance. Equation (1) can be transferred as follows 
when taking the logarithm of each side, 
(2)     log (𝐺 𝐺0
⁄ ) = −0.434𝛽𝑇(𝑧 − 𝑧𝑐𝑜𝑟𝑟)  
Then a plot of log(G/G0) versus z has a slope of -0.434T and an intercept of 0.434Tzcorr, 
therefore, we can use the plot to get T and zcorr. As we had calibrated the tunneling decay 
constant under the liquid atmosphere of THF:TMB (v/v 1:4) and already obtained the slope as 
log[G/G0]/z = -5.5 nm
-1
,
2
 for the tunneling conductance range from 10
-4.0
 to 10
-6.0
 G0, z should 
be 0.36 nm. 
Hence, we calibrated the length histogram between 10
-4.0
 to 10
-6.0
 G0 to fit the z for 0.36 nm, as 
shown in Figure S2(c). As a consequence, the plot will extend to an intercept of 2.75, the zcorr will 
be 2.75/5.5 = 0.5 nm. Therefore, when the plateau length statistical range extends to between 
10
-0.3
 (extend to the intercept) to 10
-6.0
 G0, it will be 0.5 nm, as shown in Figure S2(d), which is the 
snap-back distance close to the previous report. The stretching and approaching rate of electrodes 
pair was calculated to be ~8.4 nm/s. 
Moreover, we extracted the conductance evolution of the closing process in the pure solvent. 
Figure S2(e) and S2(f) shows the corresponding 1D and 2D conductance histograms with the 
extracted master curve. The through-space tunneling regime ranges from 10
-1
 G0 to even down to 
the scale of 10
-8
 G0, which demonstrated that the electron can tunnel between the face-to-face 
electrodes through a very long range. The small peak at around 10
-1
 G0 is in Figure S2(e) 
originated from the “jump-to-contact” process when the electrodes gap was too small that the 
electrodes will easily form contact. The fitted slope of the range from 10
-1
 to 10
-8
 G0 is 5.33 nm
-1
, 
which is very close to the slope of the opening process (5.5 nm
-1
), suggesting that the closing 
process is able to obtain the whole range of the conductance evolution. Besides, this pure 
tunneling character demonstrates a clean gold surface without contaminations adsorbed in the 
closing process, which enables further investigation with solution of target molecule. 
 
3. The original conductance measurement results of OAE3, OAE4 and OAE5. 
 
 Figure S3. 1D conductance histogram of opening (a) and closing (d) processes, 2D 
conductance-distance histogram of opening (b) and closing (e) processes of OAE3. Plateau 
length histograms of stretch (c) and relax (f) processes, for both the analysis range is from 10
-0.3
 to 
10
-6.0
 G0. 
 
 Figure S4. 1D conductance histogram of opening (a) and closing (d) processes, 2D 
conductance-distance histograms of opening (b) and closing (e) processes of OAE4. Plateau 
length histograms of stretch (c) and relax (f) processes, for both the analysis range is from 10
-0.3
 to 
10
-6.8
 G0. 
 
 
 Figure S5. 1D conductance histograms of opening (a) and closing (d) processes, 2D 
conductance-distance histogram of opening (b) and closing (e) of OAE5 molecule. Plateau length 
histogram of stretch (c) and relax (f) processes, for both the analysis range is from 10
-0.3
 to 10
-8.0
 
G0. 
 
4. Molecular junction angle geometry and fitting for the master curve from the closing process of 
OAE2. 
 
As we had calibrated the stretching rate to obtain the snap-back distance, we used the same 
system and operational parameters for molecular conductance measurements, by replacing the 
pure solvent with 0.1 mM target molecule solution in the same solvent. Figure S6 shows the 
master curve extracted from the 2D conductance-distance histogram of the closing process of 
OAE2. The prominent different regime suggests the different major contribution between 
through-space tunneling and through molecule tunneling. 
A jump-to-contact process is observed at the conductance of about 10
-0.78
 G0, which is similar to 
previous results.
3
 Therefore, the logarithmic conductance evolved linearly with the electrode 
distance, we used the linear fitting over the range of -1.0 to -3.0 log(G/G0), and found the slope is 
-4.393. According to equation (2), the T in the molecular solution will be 
(3)     𝛽𝑇 =
−4.393
−0.434⁄ = 10 𝑛𝑚
−1   
 
 
Figure S6. The master curve extracted form 2D conductance-distance histogram of closing 
process of OAE2, with red linear fitting for through-space tunneling regime. 
 
Although there is a slight difference of the T between the pure solvent (-5.5/-0.434 = 12 nm
-1
) 
and the OAE solution, which can be attributed to the change of tunneling barrier because of the 
molecular adsorption,
4
 we considered that the T in the molecular solution was entirely 
reasonable. 
Furthermore, through the fitting, as shown in Figure S6, the tunneling equation will be 
(4)                           log (𝐺 𝐺0
⁄ ) = −4.393∆𝑧 − 0.7801  
Therefore, in order to calibrate the absolute distance, we set z equals to z + d. d is the 
calibrated distance between the z axis of the previous obtained master curve in Figure S6 and the 
calibrated z axis. It is known that when z equals to 0, G equals to G0, which means the gold atomic 
contact forms. Therefore, we obtained 
(5)                 log (𝐺 𝐺0
⁄ ) = log (
𝐺0
𝐺0
⁄ ) = −4.393𝑧 + 4.393∆𝑑 − 0.7801 = 0 
Then the d will be 
(6)      ∆d = 0.177 nm                             
Hence, we calibrated all the closing master curves by adding d in the z axis, as shown in 
Figure 2E, 2F and Figure 4A in the main text. The tunneling Gt, the equation (5) (log(Gt/G0) = 
-4.393z) was also plotted as a black dash line in Figure 2E, 2F and Figure 4A. 
Therefore, the closing process and the corresponding opening process can be described as 
followes in Figure S7, which indicates the junction evolution during the opening/closing processes. 
The blue curve indicates the stretching of a molecular junction from the configuration a to f, while 
the closing process exhibited a reverse sequence. Among those configurations, a represents 
multiple gold atomic contacts when the electrodes pair join together, while b represents a 
single-atom contact with the conductance of 1 G0. The configurations e and f, represent the most 
extended molecular junction and the molecular junction breakage, respectively. Therefore, 
configurations from c to d suggest the formed molecular junction with tilted configurations. Hence, 
as shown in the green curve of the closing process, the molecule adsorbed on the end of one 
electrode starts to contact with the end of the other electrode from the configuration f to e, during 
which the conductance might exhibit a jump from background to a conductance plateau. As the two 
electrodes approach closer, the distance becomes smaller than the molecular length, and the 
molecular junction starts to tilt from configuration e to c. During this process, the overall 
conductance becomes larger, the through-space tunneling becomes inevitable and starts to 
dominate at the configuration d. The further approaching causes the conductance jumps from 10
-1
 
to 10
0
 G0, where a jump-to-contact process occurs to make two gold electrodes contact, and the 
conductance quickly changes to above G0, as shown in configuration a. In the opening process, 
due to the fast snap-back of gold electrodes, the opening process evolves directly from single gold 
atomic contact of configuration b to configuration d, some parts or even the whole series of 
configuration c might be missing. In the closing process, since the snap-back effect can be avoided, 
it enables the full detection of the series configurations c, but without the single gold atomic contact 
of configuration b. 
 
 
Figure S7. The hypothesized evolution of the molecular configuration during the opening and 
closing processes. 
 
While in another part of the closing master curve of OAE2, the conductance plateau represents 
the through-molecule tunneling, according to the previous reports.
5-7
 The conductance of 
-conjugated molecular junctions in the non-resonant tunneling regime will significantly correlate 
with the adsorption angle  between the conjugated backbone and the electrode surface, 
especially for the large delocalized rigid conjugated molecular systems, where it is predicted that 
the conductance G  cos
4
. Figure S8 shows the junction geometry changes of the short OAE2 
and long OAE5 (the OC6H13 side groups are omitted) as examples. Therefore,  can be estimated 
by the arcsine of z/dm, where z is the absolute electrode distance calibrated as discussed above, 
dm is the molecular length. For the Au-pyridyl contacts, the correlation between the conductance 
variation with the tilt angle mainly originates from the coupling between the lateral -orbital and the 
gold electrode. Since the tilted angle correlates with the electrode distance, the distance changes 
will lead to the conductance change due to the tilted angle variation. As the possible sliding of 
Au-pyridyl contact did not cause the changes of the angle, the molecular conductance change may 
be quite small since the target molecules we used are long, rigid backbones with lateral -orbitals, 
therefore, the conductance changes were dominated by the changes of the tilt angles during the 
break junction process. 
 
 
Figure S8. Schematics of junction geometries when the molecule is fully extended (upper panels) 
and tilted with an angle  (lower panels) for (a) OAE2 and (b) OAE5, dm is the molecular length 
and z is the electrode distance. 
 
Therefore, in order to establish the relationship between the electrode distance and the 
molecular conductance Gm, the master curve was fitted with equation (7) below 
(7)     log (
𝐺𝑚
𝐺0
⁄ ) = log {𝐴 [cos (arcsin (𝑧 𝑑𝑚⁄
))]
𝑛
+ 𝐵} 
where we used A, B, n as fitting parameters. A means the pre-factor where ref. 5 suggested 
A*G0 equals e
2
/h·
2
/t
2
,  stands for the coupling between molecule and the gold electrode, and t 
correlates with the energy difference between HOMO-LUMO gap of molecule. While B*G0 is the 
molecular conductance when the molecular junction is fully extended when the angle reaches 90 
degree (configuration e in Figure S7). For n, it supposed to be 4 according to the ref. 5, however 
since the junction evolves under room temperature and solution phase, the molecular level 
broadening and the coupling between molecule and electrode will be different, causing the actual 
circumstance different from the ideal theoretical assumption, it will be better to fit the n also. The 
dm for OAE2 is 1.2 nm, and the fitting range of z is from 0.7 to 1.2 nm for the molecular 
conductance plateau, as shown in Figure S9 and equation (8), the regression coefficient r
2
 = 
0.9141. 
(8)           log (
𝐺𝑚
𝐺0
⁄ ) = log {2.1 × 10−3[cos(arcsin(𝑧 1.2⁄ ))]
4.3304
+ 3.3288 × 10−4} 
Then the overall conductance G originates from the through-space tunneling conductance Gt and 
molecular tunneling conductance Gm by combining equation (5) with equation (8), 
(9)                             log (𝐺 𝐺0
⁄ ) = log (
(𝐺𝑡 + 𝐺𝑚)
𝐺0
⁄ ) 
= log {10−4.393𝑧 + 2.1 × 10−3[cos(arcsin(𝑧 1.2⁄ ))]
4.3304
+ 3.3288 × 10−4} 
 
 
Figure S9. Non-linear fitting (orange curve) of the through-molecular tunneling regime of the 
master curve of the closing process. The top-z axis shows the corresponding estimated tilt angle 
of the molecular junction, the parts of the master curve where the molecular junction break into 
background are omitted. 
 
Therefore, the intersection of the through-space tunneling and molecular tunneling will be 
obtained by setting the equation (5) equal to equation (8), and the transition distance dt will be 
about 0.66 nm, as shown in Figure S9. 
 
5. The conductance-distance evolution for OAE2, 3, 4 and 5. 
 
Furthermore, for other OAE molecules, the non-linear fitting of the molecular conductance 
plateau Gm was also conducted based on equation (7). 
For OAE3, the molecular length is 1.9 nm, the fitting range of z is from 1.0 to 1.8 nm for the 
molecular conductance plateau, the r
2
 is 0.9086. 
(10)          log (
𝐺𝑚
𝐺0
⁄ ) = log {1.5099 × 10−4[cos(arcsin(𝑧 1.9⁄ ))]
4.5403
+ 2.2712 × 10−5} 
Then the whole close curve of OAE3 can be fitted as 
(11)                             log (𝐺 𝐺0
⁄ ) = log (
(𝐺𝑡 + 𝐺𝑚)
𝐺0
⁄ ) 
= log {10−4.393𝑧 + 1.5099 × 10−4[cos(arcsin(𝑧 1.9⁄ ))]
4.5403
+ 2.2712 × 10−5} 
For OAE4, the molecular length is 2.5 nm, the fitting range of z is from 1.2 to 2.5 nm for the 
molecular conductance plateau, the r
2
 is 0.8078. 
(12)          log (
𝐺𝑚
𝐺0
⁄ ) = log {8.3686 × 10−6 [cos (arcsin(𝑧 2.5⁄ ))]
4.1514
+ 2.7518 × 10−6} 
Then the whole close curve of OAE4 can be fitted as 
(13)                             log (𝐺 𝐺0
⁄ ) = log (
(𝐺𝑡 + 𝐺𝑚)
𝐺0
⁄ ) 
= log {10−4.393𝑧 + 8.3686 × 10−6 [cos (arcsin(𝑧 2.5⁄ ))]
4.1514
+ 2.7518 × 10−6} 
For OAE5, the molecular length is 3.3 nm, the fitting range of z is from 1.5 to 3.2 nm for the 
molecular conductance plateau, the r
2
 is 0.8309. 
(14)          log (
𝐺𝑚
𝐺0
⁄ ) = log {3.8405 × 10−7[cos(arcsin(𝑧 3.3⁄ ))]
4.2380
+ 7.8576 × 10−8} 
Then the whole closing curve of OAE5 can be fitted as 
(15)                             log (𝐺 𝐺0
⁄ ) = log (
(𝐺𝑡 + 𝐺𝑚)
𝐺0
⁄ ) 
= log {10−4.393𝑧 + 3.8405 × 10−7[cos(arcsin(𝑧 3.3⁄ ))]
4.2380
+ 7.8576 × 10−8} 
 
 Figure S10. The master curves of the closing processes of (a) OAE3 (b) OAE4 and (c) OAE5, 
with orange lines for non-linear fittings of the through molecular tunneling regime, top-z axes show 
the corresponded estimated tilt angles of the molecule junctions, the parts of the master curve 
where the molecular junctions break into background are omitted. 
 
 
Figure S11. The superimposed master curves of the closing processes of OAE molecules, with 
orange lines for non-linear fittings of the through-molecular tunneling regime. 
 
Therefore, we can also calibrate the absolute distance for the other three closing processes. 
The non-linear fitting, as mentioned above, was also conducted for the original extracted master 
curves of OAE3 to OAE5, along with OAE2, which are shown as orange lines in Figure S10. 
Hence, as discussed for OAE2, the fitted molecular tunneling curve of other three OAE molecules 
will also cross over the through-space tunneling, and the transition points from molecular tunneling 
regime to through-space tunneling regime can be obtained for setting equations (10), (12) and (14) 
equals to equation (5), respectively, which are 0.91, 1.2 and 1.5 nm. In summary, the transition 
distances for OAE2 to OAE5 will be 0.66, 0.91, 1.2 and 1.5 nm, respectively, as shown in Table 1 
in the main text. 
Besides, the correlation between the absolute electrode distance and the overall conductance 
evolution was obtained. As a consequence, all the master curves from the closing processes of 
OAE2 to OAE5 were aligned at the original point according to the above discussion, and the fitted 
overall conductance evolution can be plotted by equations (9), (11), (13) and (15) for OAE2 to 
OAE5, respectively, as shown in Figure S11 and Figure 4A in the main text. Interestingly, the 
slopes of the through-space tunneling regime of OAE3 – OAE5 molecules were almost the same 
as that of OAE2, suggesting that the T in the molecular solution was actually different from that in 
pure solvent, and moreover, the T is almost the same while using different OAEs self-assembled 
on gold surfaces. 
 
6. The conductance measurements of OAE2 under different stretching rates 
We have also tried different stretching rates of 6.9 nm/s and 14 nm/s using different samples. 
Both of the 2D conductance-distance histograms exhibited the same scenarios with two regimes of 
through-space tunneling and molecular tunneling. The master curves under those two stretching 
rates also show a prominent transition feature, as shown and summarized in Figure S12 below, the 
dash line indicates the transition point before adding the calibration distance. Therefore, we 
consider that different stretching rates have no influence on the conductance measurements. 
 
Figure S12. The conductance distance histograms of closing process under the electrodes 
approaching rate of (a) 6.9 nm/s and (b) 14 nm/s. The master curves extracted from both conditions 
were plotted together for comparison, the dash line indicates the transition between through-space 
tunneling and molecular tunneling. 
 
7. The conductance measurements of OAE2 under different bias voltages. 
 
The current of tunneling leakage will increase as the electric field increase. However, in our 
measurement, we used conductance values to provide more intrinsic properties. Nevertheless, we 
still need to evaluate the voltage dependence of the transition distance.  
Further experiments on OAE2 under different bias voltage are shown in Figure S13. The closing 
process under different bias also exhibited two regimes with through-space tunneling and 
molecular tunneling, which is the same as the phenomenon observed under bias voltage of 100 
mV. After the same calibration process described in sections 4&5 in supplemental information, the 
fitting results are shown below: 
For 50 mV, the molecular tunneling regime was fitted as plotted in orange line in Figure S13(a): 
log (
𝐺𝑚
𝐺0
⁄ ) = log {2.8 × 10−3[cos(arcsin(𝑧 1.2⁄ ))]
4.0949
+ 5.68 × 10−4} 
which the regression coefficient r
2
 = 0.9403. The transition distance is 0.63 nm. 
For 200 mV, the molecular tunneling regime was fitted as plotted in orange line in Figure S13(b): 
log (
𝐺𝑚
𝐺0
⁄ ) = log {3.2 × 10−3[cos(arcsin(𝑧 1.2⁄ ))]
4.2267
+ 5.94 × 10−4} 
which the regression coefficient r
2
 = 0.9573. The transition distance is 0.62 nm. 
For 300 mV, the molecular tunneling regime was fitted as plotted in orange line in Figure S13(c): 
log (
𝐺𝑚
𝐺0
⁄ ) = log {3.1 × 10−3[cos(arcsin(𝑧 1.2⁄ ))]
4.1520
+ 4.30 × 10−4} 
which the regression coefficient r
2
 = 0.9296. The transition distance is 0.64 nm. 
Since the transition distance obtained in our previous condition of 100 mV was 0.66 nm, the 
above calculated transition distances under other bias voltages were in accord with our prediction, 
which indicats that the transition between through-space tunneling and molecular tunneling is 
independent to the small bias voltage range. 
 
Figure S13. The calibrated closing processes with the corresponded 2D conductance-distance 
histograms under the bias voltage of (a) 50 mV, (b) 200 mV and (c) 300 mV. The orange line plotted 
on the master curve shows the fitting result of the molecular tunneling regime, while the tilt dash line 
shows the through-space tunneling regime. 
 
Since our previous work had obtained the I-V properties of OAE2 junction,
1
 and the bias voltage 
of 100 mV in this work is relatively small and still locates at the linear area in the current-voltage 
curves of OAE molecular junctions, we considered the conductance features obtained are bias 
independent within the small bias range. Therefore, when using a small measuring voltage, the 
charge transport mechanism through molecular junction is still coherent tunneling, the transition 
distance might not be changed. 
While for a much higher voltage, the Fowler-Nordheim tunneling will occur with increased 
conductance.
8
 Previous simulations suggested that as the electrodes gap becomes smaller, the 
transition voltage decreases,
4
 which means that as the gap decreases, it needs smaller bias 
voltage to evolve to the Fowler-Nordheim tunneling, thus much higher tunneling leakage will 
outstrip the intrinsic molecular tunneling when the electrodes approaching together. As a 
consequence, it will be earlier to reach the transition point from molecular tunneling to 
through-space tunneling during the closing process, causing a longer transition distance. However, 
since it needs high bias voltage (such as OPE3-NH2 the Vtrans was reported to be 0.65 V)
9
 to realize 
the Fowler-Nordheim tunneling, the conductance measurement is difficult to be done because the 
molecular junction becomes rather unstable. Unfortunately, we cannot find obvious conductance 
features under such high bias voltage. Nevertheless, it is of vital importance to confirm our 
assumption and we will make thorough investigations about the bias-dependent transition  in 
 future work. 
 
8. Super-exchange and hopping contribution calculations for the OAE series. 
 
 
Figure S14. Tunneling decay constant fitting for the measured (a) opening and (b) closing 
processes of the OAE series. 
 
Single molecule charge transport may originate from different mechanisms even in the same 
junction geometry. Therefore, we chose the OAE series extended only to OAE5, for which 
previous data established that the super-exchange mechanism still predominates.
10
 Using the 
measured conductance data, we are able to obtain the tunneling decay constant of the opening 
and closing processes, as shown in Figures S14(a) and Figure S14(b), respectively. The fitted  
values of the opening and closing processes are 3.6 ± 0.2 nm
-1
 and 4.0 ± 0.2 nm
-1
, respectively. 
Both values are close to those calculated by Zhao et al.,
10
 indicating that the super-exchange 
tunneling is indeed the major contribution from OAE2 to OAE5. Moreover, we also adopted the  
value of the hopping mechanism obtained previously from OAE6 to OAE9 by Zhao et al.,
10
 to 
extend to the short OAE series for calculating the hopping contribution. It was found that the 
hopping contributions from OAE2 to OAE4 are 0.093%, 0.851% and 12.3%, respectively, as 
shown in Figure S15. Therefore, the hopping contributions in OAE2 and OAE3 can be totally 
eliminated, while in OAE4 and OEA5 they cannot be neglected. 
 
 Figure S15. Hopping contribution fitted for shorter OAE series. 
 
Nevertheless, although this work mainly focused on the through-space tunneling between the 
pair of electrodes and through-molecule tunneling, the ballistic and hopping tunneling both belong 
to the latter, which both originate from the molecular junction configuration. 
 
9. Calculation of the through-molecule tunneling contributions of the OAE series. 
 
 
Figure S16. Calculation of through-molecular tunneling contribution of the OAE series. 
 
We assumed that the molecular junction configurations in the lower panels of Figures S8(a) and 
S8(b) are typical configurations when the molecule has not been fully stretched in a relatively small 
gap between the pair of electrodes. Therefore, both the direct and molecular tunneling could 
contribute to the total conductance. Since we had calibrated the absolute distance scale, the 
conductance evolution with an exact electrode gap size can be determined. Hence, here we 
discuss the shoulder feature around 10
-1.5
 G0 in Figure 2B in the main text, and the specific 
electrode gap size can be deduced by equation (5), which z will be 0.341 nm. 
As shown in Figure S16, the through-molecule tunneling contribution can be calculated 
according to equations (8) to (11) for such a gap, and we found that the molecular tunneling 
contributions around 10
-1.5
 G0 of OAE2 to OAE5 are about 10
-2.68
 G0, 10
-3.79
 G0, 10
-4.96
 G0 and 10
-6.34
 
G0, respectively, which suggests that the through-molecule tunneling contributes 6.61% for OAE2, 
0.513% for OAE3, 0.0347% for OAE4 and 0.00144% for OAE5. Therefore, the case of OAE2 
confirmed the former theoretical prediction, suggesting that through-space tunneling predominates, 
while molecular tunneling cannot be neglected. However, in longer OAE molecules the 
through-space tunneling around 10
-1.5
 G0 predominates, and their molecular tunneling can be 
neglected. That is probably the reason that there is no other shoulder feature around 10
-1.5
 G0 for all 
other longer OAE molecules. In conclusion, the through-space tunneling contributes mostly in the 
smaller gap beyond the molecular junction is fully stretched. 
 
10. The transition in other conjugated systems. 
 
 
Figure S17. The conductance-distance histogram of the closing process of (a) the cruciform 
benzodifuran molecule and (b) phenothiazine derivative. Both of the histogram shows two distinct 
different regimes of firstly molecular tunneling (labelled by red line) then transiting to 
through-space tunneling (labelled by black line) during the electrodes approaching. 
 
There are examples of other rigid conjugated molecules exhibiting the same closing behaviour 
as the OAE series. The cruciform benzodifuran molecule
11
 and the phenothiazine derivatives
12
 for 
which we have published their conductance features in the opening process, also showed 
prominent transition features in the closing process, as shown in Figure S17 (those data have not 
been published previously). The transition distance from Figure S17(a) of the cruciform 
benzodifuran molecule is about 1 nm; however, the molecular length is 2.2 nm.  Figure S17(b) 
shows the transition distance of the phenothiazine derivative is about 0.5 nm; however, the 
molecular length is 2.1 nm. These data suggest that this physical phenomenon of transition is 
common in conjugated systems and highly depends on the chemical structure of the molecular 
junctions. 
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